We have investigated the existence and genetic organization of a functional type III secretion system (TTSS) in a mesophilic Aeromonas strain by initially using the Aeromonas hydrophila strain AH-3. We report for the first time the complete TTSS DNA sequence of an Aeromonas strain that comprises 35 genes organized in a similar disposition as that in Pseudomonas aeruginosa. Using several gene probes, we also determined the presence of a TTSS in clinical or environmental strains of different Aeromonas species: A. hydrophila, A. veronii, and A. caviae. By using one of the TTSS genes (ascV), we were able to obtain a defined insertion mutant in strain AH-3 (AH-3AscV), which showed reduced toxicity and virulence in comparison with the wild-type strain. Complementation of the mutant strain with a plasmid vector carrying ascV was fully able to restore the wild-type toxicity and virulence.
The genus Aeromonas comprises mesophilic and psychrophilic species, both motile and nonmotile. This bacterium is found in both fresh and salt water and in virtually all foods and causes a wide variety of human infections, including septicemia, wound infections, meningitis, pneumonia, and gastroenteritis (7, 12) . Out of the 16 reported species within the genus, three of them, A. veronii, A. caviae, and A. hydrophila, represent more than 85% of clinical isolates (11, 13) . The pathogenesis of Aeromonas has multiple factors, such as O antigens, capsule (16, 23) , the S-layer (6), exotoxins such as hemolysins and enterotoxin (4, 9) , and a repertoire of exoenzymes which digest cellular components such as proteases, amylases, and lipases (14, 19) . These virulence determinants are involved sequentially as the bacteria colonize, gain entry, establish themselves, replicate, cause damage in host tissues, evade the host defense system, and spread, eventually killing the host. The mechanisms of action of most of these virulence factors remain unknown.
Recent studies have shown that the virulence mechanisms of various pathogens are highly similar; one such mechanism is a type III secretion system (TTSS) that plays crucial roles in host-pathogen interactions (5) . The TTSS is found in some gram-negative animal and plant pathogens. This system can efficiently deliver antihost virulence determinants into the host cells, directly interfering with and altering host processes. Recently, several reports have attempted to elucidate the existence of the TTSS in Aeromonas (1, 2, 3, 21, 22) . In this sense a functional TTSS located on a large thermolabile virulence plasmid has been reported for the fish-pathogenic species A. salmonicida (1, 2, 21) and in the chromosome of A. hydrophila AH-1 (22) . However, in both studies the TTSS genes sequenced do not seem to correspond to a complete TTSS compared with the well-known Yersinia or Pseudomonas TTSS (5). Furthermore, dot blotting and sequencing experiments have provided evidence of the existence of other TTSS genes (ascFascG) in mesophilic clinical species (3), which reinforces the hypothesis that the Aeromonas TTSS sequence organization described recently is incomplete. Therefore, the purpose of the present study was to investigate and describe the complete sequence of genes that constitute the Aeromonas TTSS and its preliminary function. In addition we hoped to establish its prevalence in a set of genetically identified clinical and environmental strains of mesophilic species, i.e., A. veronii, A. caviae, and A. hydrophila, more frequently implicated in human infections.
Complete A. hydrophila AH-3 TTSS gene cluster. We selected A. hydrophila AH-3 for sequencing studies of the TTSS because it is a fish-and mouse-pathogenic strain (17) belonging to serotype O:34, which is the predominant serogroup associated with clinical isolates (15) . By using A. hydrophila AH-3 genomic DNA and primers (5Ј-ATGGACGGCGCCAT GAAGTT-3Ј and 5Ј-TATTCGCCTTCACCCATCCC-3Ј) derived from the DNA sequence of ascV from A. salmonicida (a gene from the type III secretion apparatus which prevents the delivery of the AexT toxin [1, 2, 21] ), we generated by PCR a 710-bp fragment which showed high identity (88%) with the A. salmonicida ascV gene. We used this DNA fragment labeled with digoxigenin to screen our gene library previously obtained from strain AH-3 (18) by colony Southern blotting. We found several clones, and with two of them we obtained the complete DNA sequence of the TTSS from strain AH-3. DNA sequencing and sequence analysis with various software programs were performed as previously described (10 Fig. 1 . The four clusters have been confirmed using reverse transcription-PCR (RT-PCR) with specific primers derived from the DNA sequence. The total RNA was extracted with Trizol reagent (Invitrogen), and to ensure that the RNA was devoid of contaminating DNA, the preparation was treated with RNase-free RQ1 DNase (Invitrogen) for 1 h. The isolated RNA was used as a template in RT-PCRs, with the use of the SuperScript One-Step RT-PCR system (Invitrogen) according to the manufacturer's instructions. Using DNA sequencing-derived oligonucleotides and RT-PCRs, we found amplification between ascU to ascN, aopN to aopD, axsC (exsC) to axsB (exsB), and axsA (exsA) to ascL. However, no amplifications were obtained with oligonucleotide pairs from ascN to aopN, aopD to axsC (exsC), and axsB (exsB) to axsA (exsA), thus confirming the four putative clusters of this entire TTSS region (Fig. 1) .
As can be observed in Table 1 and Fig. 1 , the A. hydrophila AH-3 TTSS is similar in gene pair organization to the P. aeruginosa TTSS despite individual gene-protein homology sometimes being higher with Yersinia pestis TTSS genes-proteins than with those of P. aeruginosa (in the last 15 genes not previously described for A. salmonicida), thus showing that in this study we have obtained for the first time the complete arrangement of TTSS genes of Aeromonas. A comparison of the overall genetic organization between different TTSSs defined three subgroups that match similarities in the order of the large genetic blocks. Subgroup 2 includes Yersinia spp. and P. aeruginosa, and according to our findings Aeromonas TTSS should also be included in this subgroup. The overall GϩC content of the A. hydrophila AH-3 TTSS region (58.3%) is in the range of the genomic GϩC content (57 to 62%) of mesophilic Aeromonas strains.
Distribution of the TTSS genes among mesophilic Aeromonas strains. Taking advantage of the complete DNA sequence obtained, by PCR we prepared two more digoxigenin-labeled DNA probes from both edges of the TTSS by using AH-3 chromosomal DNA: the first one was 4,815 bp (ascN to ascT) with oligonucleotides 5Ј-TATCGAAGCTGATCTGGGGG-3Ј and 5Ј-ATGGCAATAAGCAGCGGG-3Ј, and the second one was 4,141 bp (ascC to ascJ, names in Aeromonas given by us) with oligonucleotides 5Ј-GCGCTCTCCATCATCGAC-3Ј and 5Ј-CCACGTCGGATTCTTCAAC-3Ј. The three labeled DNA probes (ascV, ascN to ascT, and ascC to ascJ) were used in a dot blot assay to screen genomic DNAs from clinical and environmental Aeromonas strains (n ϭ 182) to establish their prevalence. The environmental strains (n ϭ 65) were isolated mainly from water samples (n ϭ 54) and shellfish (n ϭ 11) by using ampicillin dextrin agar or Tergitol agar, while the clinical strains (n ϭ 117) were isolated from blood agar supplemented or not with ampicillin depending upon their intestinal (n ϭ 74) or extraintestinal (n ϭ 43) origin. All the strains were identified to the species level by 16S ribosomal DNA restriction fragment length polymorphism analysis (8) . The results are summarized in Table 2 . As can be observed, all the mesophilic Aeromonas strains testing positive or negative for one probe were also positive or negative for the rest of the DNA probes. In addition the TTSS was less prevalent in environmental strains (26%) than in clinical strains (56%). This is to our knowledge the first study that comparatively evaluates the prevalence of TTSS genes in a representative number of genetically identified clinical and environmental Aeromonas strains.
Mutant isolation in ascV and characterization. We also constructed an A. hydrophila AH-3-defined insertion mutation in gene ascV. Briefly, we used the previously described oligonucleotides (5Ј-ATGGACGGCGCATGAAGTTS-3Ј and 5Ј-TA TTCGCCTTCACCCATCCC-3Ј) to amplify an internal ascV DNA fragment (710 bp). This DNA fragment was ligated to the vector pGEM-T (Promega) and transformed in Escherichia coli DH5␣. The DNA fragment was recovered by SalI-NcoI double digestion; blunt ended with Klenow fragment; ligated to EcoRI-digested, blunt-ended, dephosphorylated pSF100 (20) ; and transformed into E. coli MC1061 (pir) to generate plasmid pFS-AcsV. Plasmid pFS-AcsV was isolated, transformed into E. coli SM10 (pir), and transferred by conjugation from E. coli SM10 to an A. hydrophila AH-3 rifampinresistant mutant (from our laboratory collection) as previously described (17, 18) . Kanamycin-and rifampin-resistant transconjugants arising from pFS-AcsV integration were obtained and analyzed by Southern blot hybridization with an ascV DNA probe to obtain a defined insertion ascV mutant (AH-3AscV) as previously described (17, 18) . The 50% lethal doses of the mutant and wild-type strains were evaluated using rainbow trout (12 to 20 g) maintained in 20-liter static tanks and albino Swiss female mice (5 to 7 weeks old) in all cases injected intraperitoneally with 0.05 and 0.25 ml of the test samples (approximately 10 9 viable cells), respectively, as previously described (17, 18) . Mutant AH-3AscV had decreased virulence as shown by significantly higher 50% lethal doses in rainbow trout (10 6.7 ) and mice (10 8.5 ) than those of the wildtype strain (10 5.3 and 10 7.4 , respectively). Mutant AH-3AscV showed a clearly reduced cytotoxic effect on different eukary- HEp-2 cells) were observed when inoculated with mutant AH3AscV; however, some morphological changes and detachment (Ͻ50%) were observed after 4 h postinfection. No complementation with the plasmid vector alone (pACYC184) was achieved, while a full complementation (restoring the same lethal doses and cytotoxic effects as those of the wild-type strain) was obtained with the plasmid vector with the complete ascV gene. Data were analyzed by a one-way analysis of variance; P values of Ͻ0.05 were considered significant. This is the first report of the complete TTSS DNA sequence of an Aeromonas strain (A. hydrophila AH-3) that comprises 35 genes. From the results obtained using the different DNA probes, which cover the entire TTSS region, it seems logical to conclude that the mesophilic Aeromonas strains that possess TTSS genes have a complete TTSS. Due to the fact that some of the mesophilic Aeromonas strains tested do not show any plasmid DNA and that the GϩC content of the TTSS is in the range of the genomic GϩC content of the genus, we suggest (Table 2) . Finally, to judge by the results obtained with mutant AH-3AscV, the A. hydrophila AH-3 TTSS is required for the virulence of this strain. Since the bacterium's virulence is known to be multifactorial in many cases, the presence of TTSS in Aeromonas strains seems to be an important factor related to their pathogenicity.
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